creases during oxygen deficiency. and the potas sium concentration increases from its normal level of 3 mM to levels well above 50 mM (Vyskocil et aI. , 1972; Astrup et aI. , 1977 Astrup et aI. , , 1980 Hansen, 1977 Hansen, , 1978 Hossmann et aI. , 1977) . This is the level of potas sium concentration that has been known for almost half a century to affect energy metabolism and fluid distribution in brain slices (Ashford and Dixon, 1935; Dickens and Greville, 1935; Pappius and El liott, 1956; Hertz, 1976 Hertz, , 1977 . These effects of raised potassium concentration seem, to a very large extent, to be exerted on astrocytes (Hertz and Schousboe, 1975) , suggesting that a key factor de termining astroglial reactions to ischemia-hypoxia may be the increased extracellular potassium con centration. The alterations in both potassium and sodium content in the brain are reversible, provided that the hypoxia-ischemia has not been unduly prolonged (see, for example, Hansen, 1977; Hossmann et aI. , 1977; Ito et aI. , 1979) .
Astrocytic preparations are now available which seem to maintain their normal metabolism and function (e. g. , . Most of the author's own work has been performed using astrocytes in primary cultures; the metabolic and functional characteristics of these cells are described elsewhere (Schousboe et aI. , 1980; Hertz et aI. , 1981) . Other investigators have also used different preparations, e. g. , astrocytes obtained by gradient centrifugation (see review by Henn, 1980) . These preparations seem well suited to investigations of several aspects of astrocytic reactions to hypoxia-ischemia, but up till now very little work of this sort has actually been performed. However, a substantial amount of information is available about the normal metabo lism and function of astrocytes and of their reac tions to increased extracellular potassium concen-trations. The aim of the present paper is to review such information. The main emphasis will be on energy metabolism and transport of ions and water, two topics that seem relevant to the alterations in mitochondrial density and cellular swelling that oc curs during graded hypoxia.
ENERGY METABOLISM
In contrast to the prevailing concept of 15� 20 years ago, the metabolic activity of astrocytes is now known to be quite high, and it is probably roughly comparable to that of neurons. Thus, there is little doubt that the rate of oxygen uptake by ro dent astrocytes amounts to 1.5� 5 �moVmin/100 mg protein' (Hertz, 1966; Roth-Schechter et aI., 1976; Hertz and Hertz, 1979; Holtzman, 1980, 1981a, h) . The lower of these values is similar to the average oxygen uptake in human brain, and the higher is at least as high as the average rate of oxy gen uptake in the rat brain (for references, see Hertz, 1978a) . The exact value within this range is probably not of paramount importance as long as it is kept in mind that this is a considerable metabolic rate and that astrocytes can therefore be expected to suffer rapid damage when the oxygen supply is interrupted. What is more important in relation to the vulnerability and resistance of astrocytes to hypoxia in the brain is that Olson and Holtzman (l981a) observed that the respiratory rate in isolated cultured astrocytes is independent of the oxygen concentration down to near anoxic levels. This is in good agreement with the notion that oxidative me tabolism might be enhanced during graded hypoxia. It may also be of importance for the understanding of astrocytic function that the oxygen uptake by microdissected glial cells (Hertz, 1966) or by astro cytes in primary cultures (Olson and Holtzman, 1980) is very significantly reduced in the absence of sodium. In contrast to at least one other type of cultured cells (pneumocytes), the basal respiration by astrocytes is, however, unaffected by an in crease in the osmolality of the media, at least be tween 137 and 822 mM NaCI (Olson and Holtzman, 1980) . The effect of an increase in the extracellular potassium concentration may be of special interest due to the fluctuations of extracellular potassium during normal and abnormal conditions and to the known effects of excess potassium on metabolism 1 Results are given per 100 mg protein. which is approximately equal to I g wet weight.
J Cereb Blood Flow Me/ahol, Vol. 1, No. 2, 198/ in brain slices. Although some ambiguity does exist, a transient increase of 50% or more in respiration of microdissected glial cells or cultured astrocytes has consistently been observed by Hertz and co workers (Hertz, 1966; Hertz et aI., 1973 Hertz et aI., , 1980 Hertz and Hertz, 1979) . However, the cultured cells must be at least 3 �4 weeks old (E. Hertz and L. Hertz, unpublished experiments) , and no potassium-induced stimulation of oxygen uptake is found in cells from the NN glial cell line (Ciesielski Treska et aI., 1976) . The presence of a potassium induced stimulation of oxygen consumption in astrocytes may obviously suggest that the elevation in extracelIular potassium concentration resulting from hypoxia could directly trigger an increase in metabolism, which in turn might cause the raised mitochondrial density. The potassium-induced stimulation is abolished in the presence of bar biturates. This can be seen from Table 1 , which also shows that pentobarbital, in contrast, has no ef fect on the oxygen uptake of astrocytes incubated in a medium with a normal concentration of potas sium (see also Hertz et aI., 1978) . The suppression of the potassium-induced stimulation of astrocytic metabolism by barbiturates might be one of the rea sons that the increase in cerebral metabolic rate which follows global ischemia can be abolished by barbiturates (Kofke et aI., 1979) .
For an interpretation of the role of the potas sium-induced stimulation of oxygen uptake in astrocytes it is important to know whether neurons display a similar phenomenon. Most, but not all, authors seem to agree that this is not the case 2 (for references, see Hertz and Schousboe, 1975) . It is in agreement with this point of view that neurons in primary cultures, if anything, show a slightly lower respiratory rate in the presence of excess potassium (Table 1) . Pentobarbital also inhibits neuronal oxy gen consumption rate, but in contrast to the effect on astrocytes, the decrease is at least as pro nounced in a medium with a low potassium con centration. Autoradiographic determination of glucose con sumption is becoming an important tool in the study of energy metabolism in brain exposed to isch emia-hypoxia (Pulsinelli and Duffy, 1979; Welsh et aI., 1980) . It is therefore of relevance that the hexokinase activity is high in astrocytic cell bodies Hertz and L. Hertz.) in vivo, but pot in astrocytic or neuronal cell processes (Kao-Jen and Wilson, 1980) and that glu cose uptake is increased in cultured astrocytes (Cummins et aI., 1979) or isolated retinal Muller cells (Trachtenberg and Packey, 1980) exposed to elevated concentrations of potassium. Not all glu cose accumulated into primary cultures of astro cytes is immediately metabolized, since the rate of glycogen synthesis is rapid (about 10 p,moUhJl00 mg protein) during the first hours after feeding (Cum mins et aI., 1980) . Compounds other than glucose might possibly also be utilized as substrates. Glutamate may be of special importance, since the glutamate uptake into cultured astrocytes is intense (Hertz, 1979a) , which is in agreement with the finding by McLennan (1976) that glutamate uptake in the brain in vivo occurs primarily into astrocytes. A high rate of glutamate uptake is compatible with the finding that glutamine synthetase seems to be exclusively lo calized in astrocytes (N orenberg and Martinez Hernandez, 1979) . This enzyme forms glutamine from glutamate plus ammonia, a process that under normal conditions accounts for virtually the total fixation of ammonia in brain (Cooper et aI., 1979) . Glutamate also seems to play a role as a metabolic substrate for astrocytes, since incorporation of radioactivity from labeled glutamate occurs not only into glutamine, but also into aspartate and CO2 and since astrocytic respiration is better maintained in a glucose-free medium containing glutamate than in a medium containing neither of the two substrates (Potter et aI., 1981; E. Hertz and L. Hertz, unpub lished experiments) . If, indeed, a glutamate transfer from neurons to astrocytes is an important step in a close metabolic interaction between the two cell types, any preferential damage of neurons might, for this reason alone, have severe effects on adja-cent astrocytes. Glutamate deficiency might, in ad dition, impair the ability of the astrocytes to convert ammonia to glutamine and thus expose these cells to toxic levels of ammonia, which seem to affect glial cells preferentially (Norenberg, 1981) . Whether altered release of glutamate from neurons plays any role in the development of the astrocytic reactions to ischemia-hypoxia is presently unknown. It should, however, be kept in mind that Salford et al. (1973) found that 30 min of graded hypoxia led to a severe cerebral edema and infarction. which devel oped during the 24 h following the insult in 'spite of a rapid recovery of virtually all metabolic parameters but for glutamate content, which remained reduced.
The end-products of aerobic metabolism are CO2 and water. Carbon dioxide readily passes cell mem branes and can leave the cells as such, but only as long as the CO2 tension within the cells is higher than at their outside. Carbonic anhydrase, which converts CO2 to carbonic acid, is highly enriched in glial cells (Giacobini, 1962; Roussel et aI., 1979) and is present in cultured astrocytes at reasonably high activities (Kimelberg et aI., 1978b; Schousboe et aI., 1980) . However, the opposite conclusion was reached by Sensenbrenner et ai. (1980) . At physio logical pH most of the carbonic acid will dissociate to bicarbonate, the cellular transport of which is discussed later in this review.
SWELLING
The swelling of astrocytes after exposure of the brain to ischemia-hypoxia is a phenomenon which has been reported by several authors (e.g., Chiang et aI., 1968; Petito, 1980) . Exposure of the super fused monkey brain cortex (Bourke and Nelson, 1972) or of brain slices to a high concentration of potassium also leads to a swelling of the tissue, which is localized mainly in astrocytes (Gerschen feld et aI., 1959; M�lIer et aI., 1974) . Morphological examination of brain slices after incubation is com plicated by incubation artifacts such as differences between the center and the periphery of the slices. When due attention is paid to such sources of error, a good correlation can be obtained between bio chemical determination of water uptake and the morphological estimate of intra-and extracellular swelling (M�lIer et aI., 1974) . Since the potassium ions that accumulate extracellularly during anoxia diffuse away relatively easily, experiments on brain slices can possibly distinguish between effects of anoxia per se and effects of excess extracellular potassium. Table 2 shows that incubation of brain cortex slices in a medium with 40 mM potassium for 1 h does not increase the swelling of neuronal cell bodies or neuronal processes over and above the slight swelling observed in slices incubated under conditions that are as close as possible to the physi ological state. In contrast, glial cell bodies and pro cesses, including astrocytic endfeet, are extremely swollen after exposure to the high potassium con centration. This does not necessarily mean that ex cess potassium has a direct effect on the astrocytes, since the response could be secondary to another factor, e.g., a release of transmitters from neurons. However, the fact that astrocytes in the perimeter of the outgrowth from spinal cord cultures swell when the potassium concentration is increased to between 11-12 and 50 mM (Lodin et aI., 1971 ) sup ports the concept that elevated potassium concen trations per se increase glial swelling. This location contains few, if any, neurons. In contrast, after in cubation of brain slices under anoxic conditions, it is mainly neuronal swelling that increases, whereas glial swelling seems to be less than after exposure to excess potassium. Incubation at O°C also enhances neuronal swelling, but the astrocytic swelling is less than that observed under control conditions. The neuronal (and astrocytic) swelling under anoxic conditions or at O°C can probably be accounted for by impairment of active transport and/or membrane permeability, which leaves intracellular nonper meable proteins as the only osmotically active constituents which are not diffusible. This implies that the exclusively glial swelling during exposure to excess potassium (which exceeds that evoked by anoxia) is evoked by a different mechanism. This could be stimulation of a carrier-mediated ion up take into the cells, as discussed later. Before draw ing any conclusions regarding cellular swelling in the presence of high potassium concentrations, it should be kept in mind that replacement of sodium chloride with the more easily diffusible potassium chloride enhances swelling for purely passive rea sons (including Donnan equilibria), a swelling which will continue until the concentrations of the osmoti cally active cellular constituents approach that of the reduced extracellular sodium concentration (Boyle and Conway, 1941; Shanes, 1946; Reuben et aI., 1963) . For this reason the experiments summa rized in Table 2 (as well as other results by Hertz and co-workers) were performed with a medium in which excess potassium had been added without reduction of the sodium concentration. However, the situation in the brain in vivo is different, since the increased extracellular potassium concentration is accompanied by a decreased sodium concen tration (see above). This does not mean that the Estimates are in arbitrary units, with + corresponding to only slightly larger swelling than in unincubated brain slices and + + + + corresponding to extreme swelling. All estimates are based on electron-microscopic observations in a preselected area between the exterior and the middle third of the slices. Modified from M01ler et al. (1974) , where further details are discussed. factors involved in the experiments described in Table 2 are not operating, but it does make the in terpretation more uncertain.
The confinement of potassium-induced swelling of brain slices to astrocytes implies that studies of swelling in brain slices are likely to provide infor mation about water uptake into astrocytes. It is therefore of interest that the potassium-induced swelling is competitively counteracted by an in crease in the sodium concentration but, on the other hand, requires the presence of a certain amount of sodium (Lund-Andersen and Hertz, 1970) . This feature reminds one of the potassium-induced in crease of oxygen consumption. Both phenomena are absent neonatally but develop during the first postnatal weeks (for references, see Hertz, 1976) . The presence of chloride and of bicarbonate is also of importance for the swelling. Thus, no po tassium-induced swelling occurs if all chloride is replaced with the indiffusible isethionate (Bourke and Tower, 1966; Lund-Andersen and Hertz, 1970; Bourke et a!., 1978) or glucuronate (Lipton, 1973 ). However, nitrate is able to replace chloride (L. Hertz and H. Lund-Andersen, unpublished data). The potassium-induced swelling is much more pro nounced in the presence of bicarbonate than in media where the COzlbicarbonate buffer has been replaced with a phosphate buffer (Bourke et a!., 1978) . Like the morphologically observed swelling in astrocytes (Table 2) , the potassium-induced swelling of brain slices has been found by Bourke and co-workers to be diminished when the temper ature is lowered (Bourke, 1969; Bourke et a!., 1978) . In these experiments the sodium concentration was decreased when potassium was elevated, and it is of special interest that the authors could distinguish between two different swelling processes; reduction of the temperature affected one of these (presum ably a carrier-mediated uptake) more than the other (presumably a passive redistribution of ions evoked by the replacement of sodium with potassium).
The drug sensitivity of the potassium-induced swelling of brain slices has been studied in some detail due to its possible clinical importance. At 1 mM , SITS (an anion exchange inhibitor) has been found to abolish the potassium-induced fluid uptake (Bourke et a!., 1978) . Ethacrynic acid, an inhibitor of active chloride transport, was found by Bourke et a!. (1976) to inhibit potassium-induced swelling at low concentrations (1-2 mM ) but to enhance swell ing at higher concentrations, possibly due to an inhibition of Na+, K+-ATPase activity. C. S. Kjeld-sen and L. Hertz (unpublished experiments) how ever, observed no effect of ethacrynic acid (0.5-1 mM ) on swelling in potassium-rich media and an increased swelling in media with normal potassium concentrations. Pentobarbital had a similar effect but only at a relatively high concentration (I mM ); the cellular localization of this effect is unknown (C. S. Kjeldsen and L. Hertz, unpublished results) .
IO N TRA NSPORT
The absolute dependence of the potassium induced swelling on the presence of chloride leaves little doubt that chloride is the predominant anion accumulated together with the fluid. In addition, a potassium-stimulated uptake of 3 6Cl has been dem onstrated in the NN glial cell line, although absent in neuroblastoma cells (Gill et a!., 1974) . This up take is inhibited slightly by fluoride, to a larger ex tent by bromide, and still more by iodide. There is also no doubt that sodium is the main ionic species accumulated into brai n slices together with chloride during exposure to excess potassium (e.g., Lund Andersen and Hertz, 1970; Bourke et ·al., 1978) . This does not necessarily mean, however, that the swelling of astrocytes is due to an uptake of chloride, sodium, and water-an alternative expla nation would be that potassium ions are released from neurons in exchange with sodium ions and that the potassium ions are subsequently accumulated into the astrocytes together with chloride. Such a mechanism would be physiologically meaningful. Its possible involvement during certain stages of hypoxia might account for the observation that the intracellular sodium uptake after anoxia is quantita tively more pronounced than the corresponding de crease of potassium (Hossmann et a!., 1977; Ito et a!., 1979) .
At least two possible mechanisms exist for chloride uptake-either an accumulation together with a cation (sodium or potassium) or an ex change with another anion, in all probability bicar bonate (Fig. 1) . The existence of an uptake process together with a cation is well established in the kid ney and provides the basis for the action of loop diuretics, e.g., furosemide and ethacrynic acid, which block the active reuptake of chloride from renal tubuli and thus the establishment of a hyper tonic environment in the medulla. That this trans port mechanism does exist in astrocytes in primary cultures has been shown by Kimelberg and Biddlecome (1980) , who found that furosemide de- 
�,co, - creases both the initial uptake rate and the steady state level of 3 6CI. Potassium is not the counterion, since 4 2 K uptake is unaffected by ethacrynic acid (L. Hertz, unpublished experiment). Nevertheless, the process inhibited by ethacrynic acid is probably of major physiological importance, because cells peel from the culturing dishes in the presence of 0. 5� 1.0 mM ethacrynic acid (E. Hertz and L. Hertz, unpublished experiments)-a phenomenon reminiscent of the spontaneous sloughing of NN glial cells observed by Gill et al. (1974) in the ab sence of chloride in the medium. Exchange between chloride and bicarbonate has been studied mainly in erythrocytes, where it is re sponsible for the rapid efflux of bicarbonate re quired during the passage of blood through pulmo nary capillaries (e.g., Funder and Wieth, 1976; Wieth, 1979) . Bicarbonate efflux from erythrocytes is only reduced by one-third when chloride is replaced by nitrate, an ion which can also replace chloride in the potassium-induced swelling (see above). How ever, the efflux is reduced by at least two-thirds if the replacing ion is fluoride, by 80% if it is bromide, and essentially abolished if it is iodide (Wieth, 1979) . Thus, the rank order of the halides in their potency as inhibitors of the bicarbonate-chloride exchange in erythrocytes is the same as that with which they inhibit chloride uptake in NN glial cells, J Cereb Blood Flow Metabol, Vol. 1. No. 2. 1981 which may suggest that identical mechanisms are involved. The bicarbonate-chloride exchange in erythrocytes is inhibited by the di s ulfonic stilbene derivatives DITS and SITS (Cabantchik and Rothstein, 1972; Wieth, 1979) . SITS likewise inhib its chloride influx in cultured astrocytes, and Kimelberg et al. (1979) have proposed a transport model according to which a simultaneous exchange of intracellular bicarbonate with extracellular chloride and intracellular hydrogen with extracel lular sodium serves to remove bicarbonate and hy drogen ions formed in the cells during aerobic me tabolism after hydration of CO 2 to carbonic acid (Fig. 1) . One reason that sodium was suggested as the cation exchanging with hydrogen is that Bourke et al. (1978) have observed that the potassium induced, bicarbonate-stimulated swelling of brain slices i s accompanied by an uptake of sodium. However, the potassium uptake into the slices is also larger in the presence, as distinct from the ab sence, of bicarbonate (Bourke et aI., 1978) . Another reason is that addition of sodium to a sodium-free medium in which primary cultures of astrocytes are incubated, increases the rate of acidification of the medium. However, this effect might as well be due to metabolic actions of sodium (Kimelberg et aI., 1979) . Since one molecule of glucose gives rise to six molecules of CO 2 , which are exchanged with six molecules of sodium and/or potassium chloride, the total process will lead to a cellular hypertonicity that may induce an uptake of water. Although both bicarbonate and hydrogen ions are transported out of the cells, each ion species is transported sepa rately. This may explain the finding that SITS has no effect on the uptake of 86Rb (used as a potassium analog) or 22 Na into astrocytes in primary cultures (Kimelberg et aI. , 1979) . In contrast, acetazolamide, which inhibits the hydration of CO2 to H2 CO:h and thus the production of both H+ and HC0 3 -, might be expected to inhibit the uptake of Na+ and/or K+.
Uptake of potassium into astrocytes has been studied in more detail than uptake of sodium. One reason for this is that the monolayer of cells in cul tures of astrocytes is well suited for studies of up take of a mainly intracellularly located ion like potassium but poorly suited for investigation of sodium uptake, where a small amount of adhering medium with its large content of sodium would rep resent a significant source of error. From Fig. 2 it can be seen that accumulation of 4 2 K is much faster into astrocytes in primary cultures than into corre sponding cultures of neurons. Although neuronal cultures may presently not provide a completely true picture of neuronal capabilities (because pri mary cultures of neurons from rodent brain can be maintained in culture only for a limited period and may therefore not reach a maximum degree of dif ferentiation), it seems likely that this does reflect a true difference between the two cell types (Hertz and Chaban, 1981) . Figure 3 shows the astrocytic uptakes at different potassium concentrations ob served by two different investigators (Hertz, 197&h; Moonen, 1980) . The absolute rates of uptake which were observed were of the same order of mag nitude, although they did differ somewhat between the two studies. For this reason Fig. 3 shows no absolute rates, but the uptakes relative to that at 3 mM potassium. It can be seen that good agreement exists with respect to the correlation between the concentrations of potassium and the uptake rates.
In both cases the Kill for the uptake is 10-15 mM potassium, meaning that an increase of the ex tracellular potassium concentration above its rest ing level of 3 mM will enhance the uptake effi ciently. These results were obtained in normal as trocytes exposed to 4 2 K, and it cannot be excluded that the uptake occurs as a homo-exchange, i. e. , an exchange between intra-and extracellular potas sium ions that would have no functional conse quences. Similar experiments were therefore car ried out in which the cells had been depleted for potassium by previous incubation in a potassium free medium at ODC (Hertz, 1979b) . During this preincubation, the intracellular potassium concen tration decreased almost to zero. Nevertheless, when medium at 3rC with potassium was sub sequently reintroduced, there was an intense potas sium uptake (although not quite as intense as that shown in Fig. 2) , with unaltered affinity for potas sium. This uptake was so fast (about 25 /Lmollmin/ Moonen (1980) . open circles and from Hertz (1978b) . closed circles. Since the uptake rates by these authors differed somewhat at 3 mM potassium. the rates are indicated as relative values. with 1 being the rate of uptake observed by each author at 3 mM potassium. From Moonen (1980) . 100 mg protein at a potassium concentration of 5-6 mM ) that the clearing of potassium ions from the extracellular fluid which occurs after brief anoxia can be accounted for almost quantitatively as an astrocytic uptake -with the proviso that potassium ions accumulate in astroyctes in vivo with similar kinetics and that astrocytes constitute about one-third of the volume of the brain cortex (Pope, 1978) . The purpose of the intense astrocytic potassium uptake is probably to clear the extracel lular fluid of excess potassium, and obviously, such an uptake does not preclude that the potassium ions are subsequently transferred to neurons, a transfer which is essential to maintaining neuronal potassium levels. A major part of the uptake of potassium into as trocytes seems to occur in exchange with sodium, a process catalyzed by the Na+, K+-ATPase and in hibited by ouabain (Fig. 1) . In the presence of this drug the uptake of 4 2 K (or 86Rb) into astrocytes in primary cultures or into glioma cells is very consid erably reduced (Kukes et aI. , 1976; Kimelberg et aI. , 1978a; Moonen, 1980; Moonen et aI. , 1980) , a reduction which reaches about 70% at 1 mM oua bain (W. Walz and L. Hertz, unpublished results) . Experiments with isolated cells have also re peatedly shown that the Na+, K+ -ATPase has a higher activity in astrocytes than in neurons and that it is stimulated by excess potassium to a much larger extent in astrocytes than in neurons (Henn et aI. , 1972; Grisar et aI. , 1978; Grisar, 1979) . This is consistent with the more intense potassium uptake into astrocytes. An uptake of potassium in ex change with sodium will not per se lead to any up take of fluid, but can obviously be expected to be of major importance for potassium homeostasis at the cellular level of the brain. In accordance with this point of view, intracranial injection of ouabain leads to pronounced vacuolization of glial cells (Bignami and Palladini, 1966; Cornog et aI. , 1967) and severe neurological symptoms.
It has already been discussed that either potas sium or sodium seems to be accumulated into astro cytes together with chloride (and water) in ex change with the HCO:i and H+ resulting from hy dration of CO2, This might provide an additional uptake mechanism for potassium, and in order to investigate whether potassium is actually involved in this process, a study was made of the effect of 10 mM acetazolamide (which inhibits hydration of CO2 and thus H+ production) on the uptake of 4 2 K into astrocytes in primary cultures. An inhibition of J Cereb Blood Flow Metabol. Vol. 1. No. 2, 1981 about 30% was observed (L. Hertz, unpublished experiments) . Further support of a potassium hydrogen exchange is given from observations that the potassium content in brain slices is slightly re duced by acetazolamide (Bourke et aI. , 1976; C. S. Kjeldsen and L. Hertz, unpublished results) , al though it cannot be excluded that hydrogen is ex changed with sodium, which subsequently stimu lates a sodium-potassium exchange catalyzed by the Na+, K+-ATPase. High concentrations of potas sium might directly enhance potassium uptake (and swelling) via the potassium-induced stimulation of oxygen uptake. This can be expected to increase CO2 production and thus the amount of H+ and HCO:i extruded. Such a mechanism would explain the similarities which exist between the effects of potassium on both oxygen consumption and swelling. Furthermore, inhibition by barbiturates of the potassium-induced stimulation of oxygen con sumption could also be expected to lead to a de crease in swelling and in potassium uptake. Barbitu rates have been found to inhibit potassium uptake into astrocytes (Hertz, 1979a) , and a possi ble re duction of astrocytic swelling (which to the knowl edge of the present author has not been reported) might explain some of the beneficial effects of bar biturates on hypoxic-ischemic insults.
CONCLUDING REMARKS
In this review I have tried to provide a framework for a comprehensive concept of the role(s) of astro cytes in energy metabolism and in ion homeostasis that might help to explain the reactions of astroglia to hypoxia-ischemia of the brain. The experimental basis for such a concept is still fragmentary, al though advances have been made since this topic was last reviewed by the present author (Hertz, 1977) . This may be especially true with respect to the mechanism(s) of the potassium-induced swelling of astrocytes, which is likely to constitute at least one of the stimuli for the astrocytic swelling after hypoxia-ischemia. This review discusses whether this phenomenon may reflect an increased uptake of chloride together with sodium and/or potassium, occurring in exchange with the hydrogen and bicar bonate ions that result from the dissociation of car bonic acid and which might be a direct consequence of the enhancement of metabolic activity by ele vated concentrations of potassium. One might, however, speculate whether a net uptake of ions must invariably be accompanied by fluid uptake (swelling) or whether the astrocytic cell membrane might occasionally be impermeable to water, a situ ation known to exist in the medulla of the kidney. If so, there would obviously be an increase in cellular osmolality, and the ability of astrocytes to maintain their respiratory activity during exposure to media of increased osmolality might suggest that such conditions do occur. A situation in which astrocytes carry out their functions in the face of excess ex tracellular potassium might provide a prime stimulus for the development of the alleged in tracellular hyperosmolality. This is exactly the situ ation in ischemia, and such a mechanism could be the reason for the increase in brain osmolality de scribed by Hossmann (1980) as a consequence of ischemia. In that case, the hyperosmolality would be brought about by ion redistribution and removal of water (probably to the venous side of the vascu lar system) and not by any additional solutes, which is in keeping with the observation of normal con tents of all solutes studied (Hossmann, 1980) . Al though such a mechanism might be the major cause for astrocytic swelling and/or hyperosmolality, it should be kept in mind that the ability of cultured astrocytes to accumulate potassium very efficiently in a process catalyzed by Na+, K+-ATPase now seems to be well established. The precise correla tions among the potassium-induced stimulation of oxygen uptake, the activity of Na+, K+ -ATPase, and potassium uptake rates are, however, unclear Hertz and Chaban, 1981) . What also remains uncertain is the relative importance of as trocytic and neuronal potassium uptake in the brain in vivo and the mechanisms involved in the transfer to neurons of potassium which has initially been accumulated into astrocytes. Grisar T, Franck G, Schoffeniels E (1978) K' -activation mecha nisms of the (Na', Kt)-ATPase of bulk-isolated glia and neurons. In: Dynamic Properties ofClia Cells, (Schoffeniels E, Franck G, Hertz L, Tower DB. eds). Oxford, Pergamon Press. pp 359 -369 Hansen AJ (1977) Extracellular potassium concentration in juvenile and adult rat brain cortex during anoxia. Acta Physiol Scam! 99:412-420
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